Abstract Although metastasis is the most lethal attribute of cancer, critical gaps in our knowledge of how cancer cells effectively colonize distant sites remain. For example, little is known about the cellular and molecular events that occur during the timecourse of metastatic colonization. To address this we are using the mitogen-activated protein kinase kinase 4 (MKK4) metastasis suppressor as a tool to identify these events. Specifically, we report a microarray expression-based strategy to identify genes whose transcription is altered in SKOV3ip.1 human ovarian cancer cells that express ectopic MKK4 throughout the course of in vivo metastatic colonization. The majority of genes identified fell into the categories of cytokinesis, cytoskeleton remodeling, and cell adhesion, and their expression was repressed in MKK4-expressing cells relative to vector controls. The greatest transcriptional divergence was concomitant with impaired proliferation at 14 days post injection (dpi). Specifically, 763 genes were differentially expressed (FDR \ 0.05) between lesions that expressed ectopic MKK4 and paired controls. In contrast, only seven genes were differentially expressed at the experimental endpoint, when MKK4-expressing and control cells had formed macroscopic metastases. Application of our cohort of differentially expressed genes to three independent clinical datasets demonstrated a strong correlation between our findings and metastatic phenotypes in patient samples. Our results highlight the dynamic nature of metastatic colonization and reinforce the importance of examining both molecular and cellular phenotypes over time when studying metastasis formation.
Introduction
Significant progress has been made in specifically characterizing the cellular and molecular events responsible for the pathogenesis of metastasis since Fidler's systematic description of the process in 1978 [1, 2] . While the general steps of invasion, dissemination, lodging, and metastasis Russell O. Bainer and Jennifer Taylor Veneris contributed equally to this work.
formation are well accepted, critical gaps in our knowledge remain. Perhaps the most important of these is our understanding of the final step in this process: metastatic colonization of target organs. A complete understanding of the molecular and cellular events required for cells lodged within target secondary sites to form metastases is needed to develop strategies to target and control the growth of disseminated cells. Such information could also provide insights into the molecular evolution of cells that ultimately grow within the microenvironment of the metastatic site. Unfortunately, most of the current concepts of cancer cell dormancy and subsequent outgrowth are based upon inferences from endpoint assays. To improve our understanding, we must dissect cellular and molecular events that occur during the timecourse of metastatic colonization. To address these critical gaps in knowledge, our laboratory is using the c-Jun NH2-terminal kinase (JNK) kinase 1/mitogen-activated protein kinase (MAPK) kinase 4 metastasis suppressor (hereafter referred to as MKK4) as a tool to interrogate ovarian cancer metastatic colonization of the omentum, a preferred metastatic site for clinical ovarian cancer [3, 4] .
MKK4 is a dual-specificity kinase that can activate JNK or p38 MAPKs in response to diverse extracellular stimuli. Reduced MKK4 expression is correlated with disease progression in human patients with ovarian, prostate, and gastric cancers [5] [6] [7] [8] [9] . In the case of ovarian cancer, expression profiling studies identify elevated MKK4 expression as a significant predictor of improved response to surgical debulking [10] . In xenograft models using highly metastatic SKOV3ip.1 human ovarian cancer cells, ectopic MKK4 expression decreases the overall number of metastases by 88% (p \ 0.0001) and correspondingly prolongs animal lifespan by 70% Wilcoxon (p = 0.0045) [6] .
Studies designed to evaluate the effect(s) of MKK4 on omental metastasis formation over time yielded insights that could not be gleaned from endpoint studies. In brief, work from our laboratory showed that the metastasis suppressor function of MKK4 neither impairs omental localization of cancer cells nor induces apoptosis in malignant cells following attachment, but instead depends on signaling by the p38 MAPK to inhibit proliferation via the upregulation of the cell cycle inhibitory protein p21 [11, 12] . Despite the strong effect of MKK4 expression on metastatic development, the proliferative block is transient and MKK4-expressing cells lodged within the omentum ultimately resume proliferation, causing animals to succumb to metastatic disease [12] . Our cumulative findings raised the question of what mechanism(s) might regulate the dynamic antiproliferative behavior of MKK4-expressing cells over time.
The temporal and spatial events involved in MKK4-mediated suppression of colonization, coupled with the transient nature of its effect, prompted the hypothesis that MKK4 suppresses metastasis formation in part through a transcriptional mechanism. In this paper we report findings from a microarray study to identify genes whose transcription is altered at specific timepoints that correlate with the discrete phenotypic changes we have observed during MKK4-mediated metastasis suppression. In support of our hypothesis we found that widespread differential expression of transcripts coincides with impaired proliferation of MKK4-expressing cells. These changes primarily correspond to altered expression of a cohort of genes in MKK4-expressing cells at an early timepoint during metastatic colonization which primarily encode cell surface molecules and proteins involved in cytokinesis and cytoskeletal remodeling. Remarkably, these differences were dramatically reduced after MKK4-expressing cells bypassed suppression and formed overt lesions, with only seven of the *22,000 genes evaluated on the array significantly differentially expressed at the experimental endpoints. A subset of these expression changes was subsequently confirmed at the protein level in a separate cohort of animals. As a measure of the broader clinical relevance of the expression signatures identified in our experiment, we demonstrate that the probe sets identified in our experiment differentiate between states of disease progression in published clinical expression data sets, in addition to the specific phenotype of MKK4-mediated metastasis suppression interrogated in our experiment. Taken together, our data provide a critical link between MKK4 pathway activation and cellular outcomes that control metastatic colonization and suggest that gene expression patterns concurrent with MKK4-mediated metastasis suppression are relevant to clinical disease.
Materials and methods

Cell culture and animal experimental metastasis assays
Cell lines generated from the human ovarian carcinoma cell line SKOV3ip.1 were cultured as previously described [11] . Intraperitoneal metastasis assays using 6-8 week old female Hsd: Athymic Nude-Fox1 nu mice (Harlan Laboratories; Madison, WI) were conducted as previously described using 1 9 10 6 SKOV3ip.1-HA-MKK4 cells (expressing HA-tagged-MKK4 protein) or SKOV3ip.1-pLNCX2 cells (vector-only control) [11, 12] . Transgene expression was confirmed by immunoblotting as described in the Supplemental methods (Supplemental Fig. S1 ; [11] ). Mice were weighed and observed 2-3 times per week and euthanized at the timepoints indicated in the study design in accordance with institutional animal research guidelines.
Rationale for study design This study design is based upon our previous work showing that metastatic colonization is a dynamic process in which cellular behaviors are linked to specific molecular attributes over time [12] . The results of these experiments suggested that ectopic expression of MKK4 alters SKOV3ip.1's inherent colonization program to cause a delay in metastasis formation, and that SKOV3ip.1-pLNCX2 and SKOV3ip.1-HA-MKK4 endpoint metastases subsequently converge in both biological and molecular attributes. Quantitative real-time PCR experiments showed that MKK4 expression does not have a substantial effect on the number of cancer cells initially adhering to the omentum and parallel studies found no significant increase in apoptosis in these cells [12] . Instead, immunohistochemical quantitation of cell cycle proteins revealed that at 14 dpi SKOV3ip.1-HA-MKK4 cells have decreased BrdU incorporation and upregulate p21 expression, showing that proliferation is impaired [12] . Consistent with the in vivo timecourse data, in vitro kinase assays and in vivo passaging of cell lines derived from macroscopic metastases show that the eventual outgrowth of MKK4-expressing cells is not due to a discrete selection event [12] . Taken together, the findings of Lotan et al. show that the three timepoints chosen for the current study represent fundamentally different MKK4-dependent metastatic states. Thus they are an ideal starting point for studies that test the relationship between the metastatic phenotype and changes in gene expression.
Tissue collection and laser capture microdissection
The omental-pancreas complex was embedded in TissueTek optimal cutting temperature (OCT) compound (Sakura, Torrance, CA), frozen in liquid N 2 within 60 min after euthanasia and stored at -80°C until use. Frozen sections (8 lm) were cut onto PEN-membrane-coated slides (W. Nuhsbaum, Inc.) and kept at -80°C overnight. Slides were individually brought to room temperature and rapidly stained with H&E solution and UV-assisted Laser Capture Microdissection (LCM) on a Leica AS LMD 6000 was used specifically to isolate ovarian cancer cells from the omentum. An average of 40,000 cells was collected from each sample into RLT lysis buffer (Qiagen) containing bmercaptoethanol using a nuclease-free thin-walled 0.5 ml collection tube (Labsource).
RNA extraction and amplification
We optimized our approach for preparation, preservation, and handling of intact high quality RNA for array hybridization (Supplemental methods, Supplemental Fig. S1 ). In brief, RNA was extracted from microdissected cells using RNEasy Micro (Qiagen) and treated with DNase I. RNA from cells in culture was extracted from 5 9 10 5 cells by adding 350 ll of RLT with b-mercaptoethanol to three wells of a 12-well plate (Fisher Scientific). In the case of RNA prepared from cells grown in vitro, lysates from each cultured cell type were homogenized, and aliquots were distributed into three tubes. RNA was extracted in triplicate using RNEasy Micro columns as above. After all of the total RNA samples had been collected and extracted, one round of whole genome amplification was performed using Arcturus RiboAmp Plus RNA Amplification kit (Molecular Devices, MDS, Sunnyvale, CA) using 8 h for in vitro transcription. Total RNA and amplified RNA samples were checked for quality via Agilent Bioanalyzer and then hybridized onto Affymetrix HG U133 Plus 2.0 Arrays. We hybridized a total of 34 RNA samples to arrays, corresponding to three technical replicates of each cell line (e.g. SKOV3ip.1-HA-MKK4 and SKOV3ip.1-pLNCX2), and five biological replicates of cells collected at each timepoint with the exception of the SKOV3ip.1-HA-MKK4 endpoint, where only three high-quality samples could be obtained. (See Supplemental methods for further experimental detail and quality control data.)
Array processing, quality control, and statistical analyses All array hybridization and scanning was carried out at the Functional Genomics Facility at the University of Chicago according to the manufacturer's protocols, and all analysis was conducted using R (http://www.r-project.org). Raw intensity values were background-corrected using the normexp method implemented in the package RMA [13] , normalized and summarized using the Invariant Set method, and then the summarized intensities for each probe set were log 2 transformed [14] . All background correction, normalization, and summarization methods are implemented in the R package affy [15] . We assessed the quality of the array data by comparing correlations of the absolute intensities from microarray hybridizations of replicates to correlations of data from hybridizations of samples across different experimental conditions (Supplementary Table ST1 ; Supplementary Fig. S3 ), as well as by examining boxplots of overall intensity to ensure that signal distributions were similar throughout the entire experiment ( Supplementary Fig. S2 ). Finally, MA plots were used to visually inspect concordance between biological replicates ( Supplementary Fig. S4 ).
Once the data were confirmed to be of high quality, we analyzed the transformed background-corrected, normalized data by focusing on the arrays hybridized with RNA obtained exclusively from microdissected samples. In our Clin Exp Metastasis (2012) 29:397-408 399 model, each summarized probe set is treated independently. Let y ijkl denote the normalized log 2 intensity for a probe set in biological replicate (l) with MKK4 state (i) (ectopic or endogenous expression of MKK4) in tumors microdissected at 14 dpi (j) or at the endpoint (k). We then consider the following probe set-specific mixed-effects linear model:
Here, b denotes the intercept, c i is a fixed effect that accounts for differences in baseline expression between cells of differing MKK4 status, and g j and j k are fixed effects that account for overall differences in expression at the second and final timepoints, respectively. (cg) ij and (cj) ik denote an interaction between MKK4 expression status and the respective timepoints (expression-by-timepoint effects). Furthermore, q ijkl is a Normally distributed random effect with mean 0 and variance r rand 2 that takes into account the fact that within each expression-timepoint group there are multiple separately-isolated biological replicates. Finally, e ijkl denotes the residual error, assumed to be Normally distributed with mean 0 and variance r 2 . We fitted this model to each gene using the maximum likelihood approach implemented in the lme function in the R package nlme.
To identify probe sets mapping to genes whose expression levels were altered as a result of ectopic MKK4 expression, we used likelihood ratio tests within the framework of the linear model by comparing the fits of the full and reduced nested model for each parameter and then calculating p-values under the assumption that the likelihood ratio follows a v 2 distribution with the appropriate degrees of freedom (see Supplementary Methods for the exact models). We corrected for multiple testing by estimating the false discovery rate (FDR) using the approach of Storey and Tibshirani [16] . In addition, a similar probewise mixed effects linear model was used to compare expression levels before and after i.p. injection in a balanced subset of the in vitro and 3 dpi expression arrays to confirm that ectopic expression of MKK4 does not introduce widespread transcriptional variability to SKOV3ip.1-HA-MKK4 and SKOV3ip.1-pLNCX2 cell lines. All analyses were conducted at the level of probe sets, and genelevel statistics reported elsewhere in the manuscript correspond to the number of unique genes identified regardless of the underlying number of differentially expressed probe sets. Details of the above analyses are presented in full in the Supplemental methods.
We identified ontological categories that were enriched within each set of differentially expressed genes using the DAVID Bioinformatics Database as described in [17, 18] using the full set of 54,675 probe sets present on the arrays as the background set. See Supplemental Table ST3 for a complete list of categories significantly enriched within each gene set (p B 0.001, Fisher's exact test).
Immunohistochemistry
To confirm the location of disseminated human epithelial cells to be isolated by LCM, we used immunohistochemistry (IHC) to detect expression of CD45, an antigen expressed on myeloid cells. IHC for these antigens was carried out using 5 lm-thick frozen sections. Sections were fixed in cold acetone for 2 min. Fixed sections were incubated with rat anti-mouse CD45 primary antibody (BD Pharmingen #550539) at 1:10 dilution followed by anti-rat IgG secondary antibody (BD Pharmingen, #551013) at 1:50 dilution. Slides were incubated with Streptavidin-HRP complex and DAB substrate at room temperature and counterstained with Hematoxylin.
To confirm the differential expression of candidate proteins identified in our microarray studies, IHC was conducted on tissues harvested from an independent cohort of 20 animals (performed by The Human Tissue Resource Center of The University of Chicago Cancer Research Center). Following our experimental design, tissues were harvested and embedded at 14 dpi. Sections were fixed in methanol-acetone and incubated with anti-ASPM antibody at 1:40 dilutions (Novus Biologicals, #NB100-2278). For PECAM-1/CD31, staining was performed on unfixed frozen sections with primary rabbit anti-PECAM-1 (Santa Cruz, #SC-1506-R) at 1:100 dilution. Following incubation with anti-rabbit secondary antibody, protein was determined using the EnVision? System-HRP non-biotin detection kit (DakoCytomation, #K4010) with DAB substrate. Slides were scanned using the ACIS Chromavision platform and scored for intensity of staining as described in the Supplemental methods. The average IOD/10 lm 2 was calculated for each section (Supplemental methods), and the difference in protein levels was determined by comparing the distributions of average IOD/10 lm 2 estimates of SKOV3ip.1-HA-MKK4 cells to SKOV3ip.1-pLNCX2 controls using a one-tailed t-test. Staining was measured in regions consisting exclusively of tumor cells.
Description of public datasets used for enrichment analysis
To compare our findings with published expression data from patient cohorts, we first turned our attention to four studies that used Affymetrix arrays to evaluate transcriptional changes associated with disease progression (e.g. changes in metastatic state). This approach allowed us to compare our data directly with the published results of Hendrix et al. [19] , Riker et al. [20] , and Pantaleo et al. [21] . Briefly, Hendrix et We also compared our data to that of Scotlandi et al. who examined primary tumors and metastatic lesions in Ewing's sarcoma [22] . These analyses found that all of the 14 dpi gene sets were significantly enriched for differential expression in the Scotlandi data at the nominal level (the set of genes upregulated in SKOV3ip.1-HA-MKK4 cells was enriched at the level of p = 0.027; the set downregulated in SKOV3ip.1-HA-MKK4 at p = 0.042; and the set of all probe sets differentially expressed at 14 dpi p = 0.026), but were not significant following multiple test correction and we consequently chose to omit this analysis from our results.
Finally, two large datasets of ovarian cancers were also analyzed in order to determine whether the gene sets identified in our analysis could be used to partition latestage tumors by patient survival or therapeutic response [23] , or by tumor grade or malignancy [24] . In all cases we found no evidence that our gene sets differentiated between late-stage primary tumors, possibly because our experiment is designed to identify transcriptional changes specific to metastatic colonization and not ones that differentiate classes of late-stage primary tumors.
Public dataset enrichment analysis
We used a permutation-based approach to test whether the probe sets identified in our analysis were enriched for transcripts characteristic of human cancer development and malignant progression. For this analysis we chose to focus on probe sets rather than genes so as to avoid ambiguities in instances where probe sets with different expression patterns map to the same transcript. Within each public dataset, we assessed differential expression for each probe set identified in our analysis using a t-test (nominal p value B 0.05) and then tested to see whether an unexpectedly high proportion of the probe sets identified in our experiment was nominally differentially expressed between conditions in the corresponding public dataset. Specifically, we compared the proportion of probe sets identified in our experiment that were differentially expressed between conditions in the public dataset with an empirical null distribution of identically-assessed proportions taken from 10,000 datasets in which the row and column indices were randomly permuted. We defined empirical enrichment p-values as the fraction of randomly-permuted datasets that contained as many or more differentially expressed probe sets as were observed in the original data.
We applied the above analysis to each dataset using a total of four groups of probe sets. These corresponded to all of the probe sets mapping to transcripts differentially expressed at 14 dpi (1,020 probe sets, FDR = 0.05), two subsets of the 14 dpi list corresponding to the probe sets that indicated higher (326) and lower (694) expression of the associated transcript in the MKK4-expressing cells, respectively, and the full set of differentially expressed probe sets at the endpoint (9 probe sets, FDR = 0.05). In order to correct for multiple testing, we generated as many permuted datasets as there were tests, and compared the maximum proportion of differential expression across the four permuted sets. We then calculated corrected empirical p values as the fraction of these maxima that met or surpassed the number of probe sets differentially expressed in the corresponding list identified in our analysis.
Results
Broad transcriptional changes correlate with metastasis suppression during disease progression
In order to identify the transcriptional basis of MKK4-mediated metastasis suppression in vivo, SKOV3ip.1-HA-MKK4 cells were collected by LCM at 3 dpi, 14 dpi, and the experimental endpoints (43 and 65 dpi for SKOV3ip.1-HA-pLNCX2 and SKOV3ip.1-HA-MKK4, respectively) ( Fig. 1) . RNA was extracted from five biological replicates of each condition and in three replicates from each cell culture. Two of the five SKOV3ip.1-HA-MKK4 endpoint mice did not develop metastases suitable for excision by the endpoint and were not used, resulting in a total of 34 samples that were used in this study (28 from animals and 6 from cell cultures). RNA samples were hybridized to Affymetrix HG U133 Plus 2.0 expression arrays (Supplemental Fig. S2 ).
It has been well established that metastasis suppressors such as MKK4 generally do not confer measurable differences in phenotype to cancer cells in vitro [3, 4, 25] . Similarly, previous studies in our laboratory did not find any differences in the numbers of SKOV3ip.1-HA-MKK4 and SKOV3ip-pLNCX2 lodging on the omentum at 3 dpi. We used a mixed-effects linear model to identify genes differentially expressed between SKOV3ip.1-HA-MKK4 and SKOV3ip.1-pLNCX2 cell lines both in vitro and at 3 dpi (see Supplemental methods). Using this approach, no genes were significantly differentially expressed between the cell lines either in vitro or in vivo at 3 dpi (FDR = 0.05; Fig. 2a) , although a subset of transcripts showed some limited evidence for divergent expression when all arrays were considered jointly (see Supplemental methods). In addition, we clustered the pairwise Spearman correlation coefficients of the 3 dpi and in vitro arrays by Euclidean distance and found that the arrays did not cluster by class and were highly correlated (mean q = 0.933), suggesting that SKOV3ip.1-HA-MKK4 and SKOV3ip.1-pLNCX2 cells are not significantly different at the transcriptional level when maintained in vitro and in the earliest timepoints of omental colonization (Fig. 2b) . Thus, we consequently chose to focus on only the microdissected samples for subsequent analyses. As described in the Introduction, work from Lotan et al. in our group showed that SKOV3ip.1-HA-MKK4 cells underwent a reversible growth arrest as compared to SKOV3ip.1-pLNCX2 controls [12] . Based upon these findings, we hypothesized that the greatest difference in gene expression overall could be detected at the phenotypically divergent 14 dpi timepoint where MKK4-expressing cells are growth-arrested as compared to vectoronly controls. To test this we fit a mixed-effects linear model to the expression estimates derived from each probe set to identify genes that were differentially expressed between SKOV3ip.1-pLNCX2 and SKOV3ip.1-HA-MKK4 cells (see ''Materials and methods'' for additional details). At 14 dpi we identified 763 differentially expressed genes at an FDR of 0.05 (p \ 0.001). Of these, 521 genes (68%) were more highly expressed in SKOV3ip.1-HA-pLNCX2 metastases relative to SKOV3ip.1-HA-MKK4 cells (Fig. 3a) . These genes were disproportionately likely to encode phosphoproteins (p = 1.90 9 10 -31 , Fisher's exact test) and belong to the broad categories of genes relating to cell division, cytoskeletal rearrangement, and alternative splicing (p \ 4.0 9 10 -7 , FET). In contrast, the genes specifically upregulated in MKK4-expressing cells were disproportionately involved in cell adhesion (p = 6.65 9 10 -4 , FET) and proteins with EGFlike domains (p = 4.10 9 10 -5 , FET). A heatmap depicting the intensities of probe sets mapping to genes with highly significant differences in gene expression throughout MKK4-mediated metastasis suppression is shown in Fig. 3 . The full results of the gene expression analysis are available in Supplementary Table ST2 , and the full results of the Gene Ontology Analysis are provided in Supplementary Table ST3 . Despite MKK4's initially strong suppressive effect on metastasis formation, SKOV3ip.1-HA-MKK4 cells lodged within the omentum ultimately resume proliferation. Indeed, by 65 dpi animals injected with SKOV3ip.1-HA-MKK4 cells have a metastatic burden comparable to SKOV3ip.1-pLNCX2 controls at 43 dpi. Given the similarity of these phenotypes, we hypothesized that gene expression patterns of SKOV3ip.1-pLNCX2 and SKOV3ip.1-HA-MKK4 cells would converge at the experimental endpoints. In support of this hypothesis, our analyses found only nine probe sets are significantly differentially expressed between SKOV3ip.1-HA-MKK4 and SKOV3ip1-pLNCX2 endpoint metastases (FDR = 0.05, p \ 6 9 10 -6 ). These nine probe sets mapped to seven known genes: FILIP1, PTPRC, KRT23, TNF, TNFAIP3, LOC286297, and H19; of these, all but H19 had significantly elevated expression levels in SKOV3ip.1-HA- Fig. 2 There are no discernable differences in gene expression among SKOV3ip.1-HA-MKK4 and SKOV3ip.1-pLNCX2 cells grown in vitro or harvested from omental lesions at 3 dpi. Panel A histogram of the uncorrected p values generated from comparison of the SKOV3ip.1-HA-MKK4 and SKOV3ip.1-pLNCX2 cells grown in vitro using a two-sided t-test. The y-axis corresponds to the number of genes differentially expressed at the nominal p value quantile depicted on the x-axis. Panel B correlation structure of expression estimates from arrays hybridized with samples either derived from SKOV3ip.1-HA-MKK4 or SKOV3ip.1-pLNCX2 cells isolated by LCM from histologic lesions at 3 dpi or harvested from cells growing in vitro. Note the high overall correlation between all arrays and the absence of clustering within class in this comparison MKK4 metastases (Fig. 3b) . To ensure that the reduced sample size at the experimental endpoints did not have a significant effect on our findings, a subsampling-based analysis was performed. This study indicated that the reduced sample size at the endpoint had only a minor effect on the overall scale of differential expression, and likely resulted in a (2.1 ± 0.95)-fold reduction in the number of differentially expressed probe sets identified (see Supplemental methods for details).
Transcriptional changes result in differential protein expression during MKK4-mediated metastasis suppression
As stated in the preceding section, 763 genes were identified as being significantly differentially expressed between SKOV3ip.1-HA-MKK4 and SKOV3ip.1-pLNCX2 microscopic lesions at 14 dpi (FDR = 0.05; p \ 0.001). In order to identify differentially expressed genes for validation at the protein level, we focused on a set of 78 genes with highly significant evidence for differential expression (FDR = 0.001; p \ 1.5 9 10
). While most of these transcripts corresponded to known genes, relatively few had corresponding antibodies which were validated for use in IHC. We identified IHC-tested antibodies to 15 different proteins which were generated in species other than mouse. This group consisted of seven transcripts upregulated in SKOV3ip.1-HA-MKK4 lesions (VSNL1, LGR5/GPR49, PCDH10, NID1, ENPP2, BLNK, MATN2) and eight transcripts upregulated in SKOV3ip.1-pLNCX2 lesions (SGPP2, CDC25A, SEPT4, AURKB, ASPM, VASP, SPTBN1, PECAM1). From these 15 proteins, we selected four candidates, BLNK, AURKB, ASPM, and PECAM1, for validation by IHC. These candidates were chosen because they belong to two categories (e.g. cell adhesion and cytokinesis/cytoskeletal remodeling) that our functional ). The left and right sections depict expression estimates for each probe set on each array hybridized with RNA within each cell type from (left to right) in vitro cell cultures, cells microdissected after 3 dpi, 14 dpi, or at the endpoint. Black indicates low relative expression and yellow/white indicates high relative expression; note that expression estimates across probe sets are not directly comparable, and so the color scale is normalized within each probe set for clarity. ) enrichment analysis indicated were highly enriched among the differentially expressed genes. Preliminary optimization studies using control tissues showed that the BLNK antibody did not detect BLNK expression in experimental samples. Similarly, we also met a technical challenge staining for AURKB expression in that the antibody detected both mouse and human AURKB and the background staining was too high to obtain a reasonable signal in the cells of interest. The ASPM and PECAM1 antibodies were optimized and were used for subsequent validation of differential expression a separate cohort of 20 animals injected with either with either SKOV3ip.1-HA-MKK4 or SKOV3ip.1-pLNCX2 cells. Tissues were collected at 14 dpi and ASPM and PE-CAM levels were assessed by IHC. Consistent with the patterns predicted by the array analysis, IHC evaluation confirmed that PECAM1 and ASPM protein levels were respectively increased more than 12-fold (p = 0.0002, onetailed t-test) and threefold (p = 0.0188) in SKOV3ip.1-pLNCX2 cells relative to SKOV3ip.1-HA-MKK4 cells (Fig. 4) . Preliminary staining of endpoint metastases for ASPM supported the array inference of convergent gene expression (data not shown).
MKK4 transcriptional signatures stratify human samples in studies of clinical tumor progression
To evaluate the ability of our system to provide insight into clinical metastases, we tested the possibility that the probe sets differentially expressed during MKK4-mediated metastasis suppression are also differentially expressed in published microarray data from studies of clinical tumor progression and metastatic disease. A Monte Carlo strategy was employed to determine whether the probe sets identified in our analysis distinguish between tumor phenotypes in three public datasets comparing: (1) ovarian tumors with primary tissue [19] , (2) primary tumors with secondary metastases in melanoma [20] , and (3) synchronous and metachronous colorectal cancer metastases in liver, which compare metastases present at diagnosis to newly-formed relapse metastases [21] (see ''Materials and methods'' and Supplementary Methods). The results of these analyses are presented in Table 1 .
Overall, we found that transcriptional signatures identified in our model system closely resemble those observed in clinical datasets characterizing disease progression in humans. This consistency of transcriptional patterns across cancer types suggests that the gene expression changes that we observe during MKK4-mediated metastasis suppression reflect global changes relevant to aspects of metastatic disease progression in spontaneous human tumors. Specifically, the probe sets distinguishing between SKOV3ip.1-HA-MKK4 cells and SKOV3ip.1-pLNCX2 metastases at 14 dpi strongly differentiate between ovarian cancers and non-cancerous tissues (p \ 0.0001). These same probe sets disproportionately mapped to transcripts whose expression levels distinguish between primary and metastatic tumors in the melanoma dataset (p = 0.0020) and differentiate synchronous and metachronous metastases (p = 0.0109), suggesting that the differences in transcriptional and phenotypic state observed in our model are consistent with changes present during cancer development in clinical disease and are specifically consistent with metastatic progression.
Interestingly, these differences in transcriptional state are more strongly correlated with metastatic phenotypes when we partition probe sets by their response to ectopic In contrast, probe sets downregulated in MKK4-expressing lesions strongly differentiated between synchronous metastases and metachronous metastases (p = 0.0004), and more weakly segregated primary and metastatic lesions (p = 0.0046). These data suggest the possibility that MKK4 suppresses metastasis at the transcriptional level by inducing factors that prevent the initial formation of metastases from primary lesions while simultaneously suppressing factors involved in the subsequent proliferation of disseminated cells at distant sites.
Discussion
Previous genome-wide studies aimed at identifying the transcriptional mechanisms that underlie metastasis formation have primarily focused on comparisons between end-stage primary and metastatic tumors of mouse or human origin [20, 26] , broad characterization of transcriptional changes [27] , or between primary tumors of differing metastatic phenotypes [28] [29] [30] . In particular, experiments using in vivo selection of metastatic cell lines have yielded considerable insight into the transcriptional basis for metastatic localization [31] [32] [33] . However, studies to date have not specifically evaluated transcriptional events or patterns at discrete timepoints during metastatic colonization. We postulated that metastasis suppressors, which can specifically disrupt this process, could be used to identify important transcriptional events related to metastasis suppression.
In the current study we used a well-characterized xenograft model to rigorously characterize the in vivo biological, cellular, and transcriptional effects resulting from ectopic expression of a single protein throughout the course of omental metastatic colonization. The application of these results to three independent clinical datasets demonstrated a strong correlation between our findings and metastatic phenotypes in patient samples, underscoring the clinical relevance of our data. Specifically, the cohort of genes upregulated in SKOV3ip.1-HA-MKK4 cells at 14 dpi in our animal model distinguishes between the transcriptional states of primary tumors and distant metastases in melanoma, suggesting that MKK4 may transcriptionally regulate a set of factors central to the differentiation of metastases from primary tumors. At the same time, ectopic MKK4 suppressed a set of factors that strongly differentiated between established synchronous metastases and newly-formed metachronous metastases in colorectal cancer, suggesting a role in the subsequent proliferation of metastases at different sites.
The delay in metastasis formation mediated by MKK4 is accompanied by altered expression of a large set of genes broadly related to cytoskeletal remodeling, cell division, and cell adhesion. Among these we observed low expression of the cytokinesis-related protein ASPM within MKK4-expressing lesions, accompanied by reduced levels of the membrane protein PECAM1, which has established roles in metastasis formation via its interaction with the tumor microenvironment [34] . Interestingly, expression of PECAM1 and ASPM have both been associated with MAP kinase signaling via p38 activation in the context of inflammatory response [35] and viral infection [36] , but have not previously been explicitly linked to MKK4-mediated metastasis suppression. Given our previous observations that MKK4 signals through p38 to suppress cellular proliferation and consequently impairs metastatic colonization [12, 37] , these data suggest a mechanism whereby MKK4 inhibits transcription of genes involved in cell cycle progression and proliferation via activation of p38. Additional studies are necessary to fully elucidate the functional relationship between MKK4-mediated repression of genes involved in cytokinesis and the broader phenotype of MKK4's suppression of metastasis formation.
Although our work provides significant insight into the molecular basis of MKK4-mediated metastasis suppression, we are cognizant of the technical limitations associated with our approach. First, cross-hybridization of mouse RNA to human features on the arrays is a theoretical concern, although the high precision of the microdissection procedure and the lack of correlation between tumor size and the probe-wise coefficients of variance within each replicate group suggest that the potential effect of crosshybridization is very limited. Second, due to the inherently small size of microscopic samples, it was necessary to amplify RNA prior to hybridization, which may have introduced biases in a subset of gene-specific expression estimates. Finally, the rigorously defined in vivo model that enables our experiment requires the use of immunocompromised mice, and so aspects of the immune response, which may in turn have an effect on the transcriptional state of developing tumors, are absent from this study. Nevertheless, the observation that our findings are consistent with transcriptional patterns observed in human clinical datasets suggests that our model closely mimics the human microenvironment in key ways, and that our findings may have considerable translational value.
Data presented herein challenge the widely held view that all of the information one needs to control metastasis can be gleaned from interrogating primary tumors and/or endpoint metastases, as most MKK4-dependent gene expression changes are dynamic during the timecourse of metastatic colonization. These findings prompt important experimental questions. At what point in the timecourse of omental colonization do the gene expression profiles between SKOV3ip.1-pLNCX2 and SKOV3ip.1-HA-MKK4 lesions diverge? Does divergence precede the 14 dpi timepoint, which was examined in the current study? Which genes are the key downstream effectors of activated MKK4? What are the microenvironmental cues that activate MKK4 and thus repression of gene expression? How do MKK4-expressing cells become ''resistant'' to this activation and bypass suppression? Ongoing studies are designed to address these pragmatic questions. We are also developing complementary in vivo and in vitro approaches to identify the cancer cell microenvironment interactions, which contribute to the gene expression patterns and metastasis suppression phenotypes presented herein. Evidence from our laboratory and others indicate that ovarian cancer cells specifically localize to omental structures known as milky spots. This is the specific microenvironment in which MKK4 activation, repression of gene transcription, and the reversible cell cycle arrest takes place. Subsequently, SKOV3ip.1 cells expressing MKK4 bypass suppression and resume proliferation. As shown by our cumulative studies, these metastases are virtually indistinguishable from controls at the molecular level. This may be due resistance to an external stimulus, secretion of a paracrine factor, or perhaps metastases modulate their microenvironment through mechanisms such as stromal reprogramming or modulation of the phenotype of cancer cells themselves via EMT [38] . In addition to increasing our understanding of metastatic colonization, this information may enable the development of approaches that extend the duration of suppression of omental metastatic colonization and provide insight into the microenvironmental pressures that ovarian cancer cells experience as they progress from disseminated cells to widespread, overt metastases. Such findings could have significant implications for the control of clinical ovarian cancers.
